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The term phenome describes the whole organism 
translation of the genome into cell, tissue, 
and systemic phenotypes or characteristics. 

So in other words:  
The phenome is what the genome really does. 
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Approaches to decipher how the genome specifies the phenome 

Sequence-driven approaches: 
focusing first on specific DNA sequence variants and then 
identifying phenotypic consequences 

Phenotype driven approaches: 
by identifying individuals with a different phenotype and then 
linking the phenotype to DNA sequence variants 





Sequence-driven approaches 













Signature-tagged mutagenesis of Salmonella 



Differential signature-tagged mutagenesis screen 



RNAi screen with barcoding 



The RNA interference pathway 

Nature Reviews Molecular Cell Biology 4, 457-467 (June 2003) 

a) Short interfering (si)RNAs. Molecular hallmarks of an siRNA include 5' phosphorylated ends, a 19-nucleotide (nt) duplexed 
region and 2-nt unpaired and unphosphorylated 3' ends that are characteristic of RNase III cleavage products14. b | The siRNA 
pathway. c | The micro (mi)RNA pathway.  



Nature Reviews Molecular Cell Biology 4, 457-467 (June 2003) 

Methods to generate short RNAs that silence gene expression. 

A | Silencing by short RNAs that are generated in vitro. 
Aa | Chemically synthesized short interfering (si)RNAs that are 
introduced into cells bypass the 'dicing' step and are 
incorporated into the RNA-inducing silencing complex (RISC) for 
targeted messenger RNA degradation. 
Ab | Long double-stranded (ds)RNAs that are introduced into 
cells can be processed by Dicer into siRNAs that silence gene 
expression. 
Ac | Perfect duplex hairpin RNA can be cleaved by Dicer into 
siRNAs. 
Ad | Imperfect duplex hairpin RNA, based on pre-micro (mi)RNA 
structures, can be cleaved by Dicer into miRNAs and direct gene 
silencing.  
B | Silencing by short RNAs that are generated in vivo.  
Ba | Long hairpin RNA expressed from an RNA polymerase (pol) 
II promoter yields a population of siRNAs with several sequence 
specificities. siRNAs with a single sequence specificity can be 
expressed either by Bb | tandem pol III promoters that express 
individual sense and antisense strands of the siRNA that 
associate in trans or by Bc | a single pol III promoter that 
expresses short hairpin (sh)RNA with the sense and antisense 
strands of the siRNA that associate in cis. Bd | Incorporation of 
an imperfect duplex hairpin structure that is based on pre-
miRNA structures can be expressed from a pol II promoter and 
processed by Dicer into a mature miRNA, which can direct gene 
silencing. 









Some vital statistics of the European house mouse 
(Mus musculus) 

© E. Hummler 



Genetically engineered mouse models 

Argmann et al.,  
Cell Metabolism 2005 





The Nobel Prize in Physiology or Medicine 2007 
"for their discoveries of principles for introducing specific gene 
modifications in mice by the use of embryonic stem cells" 

Sir Martin J. Evans 
Cardiff University 
Cardiff  
United Kingdom 

Oliver Smithies 
University of North 
Carolina at Chapel 
Hill, Chapel Hill, NC 
USA 

Mario R. Capecchi 
University of Utah 
Salt Lake City, UT 
USA  



General procedure for producing transgenic mice 

Brinster et al., 1981 



General procedure for producing KO mice 

Brinster et al., 1981 
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Targeting vector: 

 * 5’ and 3’ homologous regions  

 * a vital region flanked by loxP sites 

 * a neomycin-resistance (neo) expression cassette (positive selection marker)  
flanked by two FRT sites inserted immediately upstream of the first loxP site 

 *  a negative selectable marker (herpes simplex virus thymidine kinase gene) 
positioned outside the area of genomic homology spliced out when homology 
recombination occurs  

Construction of a prototypic targeting vector (I) 

loxP 

© E. Hummler 



ATAACTTCGTATAGCATACATTATACGAAGTTAT 

The Cre/loxP system 

+ 

© E. Hummler 



Site-specific recombinases & recognition sequences  

Branda & Dymecki, Dev. Cell 2004 
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Conditional gene targeting: tissue-specificity 

Conditional knock-out mouse
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Construction of a prototypic targeting vector (II) 

Branda & Dymecki, Dev. Cell 2004 



Available lines (including Cre lines) 

Jackson Laboratory 
http://www.jax.org/resources/mouse_resources.html 

Mutant Mouse Regional Resource Centers (MMRRC) 
http://www.mmrrc.org/ 

The European Mouse Mutant Archive (EMMA) 
www.emmanet.org/ 

…. ask around 



Complex genomic modifications 

Branda & Dymecki, Dev. Cell 2004 







Conditional gene targeting: spatial & temporal specificity 
(leakiness problems!) 

Branda & Dymecki, Dev. Cell 2004 4-hydroxy tamoxifen 

ligand binding domain (LBD) 
of a mutant estrogen receptor 



Gene trapping in ES cells 

Stanford et al., Nat.Rev.Genetics, 2001 



Sleeping Beauty 



Sleeping Beauty 



NorCOMM (North American Conditional Mouse Mutagenesis Project,http://norcomm.phenogenomics.ca/index.htm) 
EUCOMM (EUropean Conditional Mouse Mutagenesis Program, http://www.eucomm.org) 
KOMP (KnockOut Mouse Project, http://www.knockoutmouse.org) 

The International Mouse Knockout Consortium, Cell 2007 



Additional gene trap databases  

http://www.tigm.org 

http://www.genetrap.org 

http://www.lexicon-genetics.com/discovery/omnibank.htm 

http://www.deltagen.com  
http://www.sanger.ac.uk/PostGenomics/mousegenomics/ 



Phenotype driven approaches 



Relationship between the number of components 
encoded in the mammalian genome and the complexity 

of the phenome 

Yeast (Saccharomyces cerevisiae)  ~6000 genes 
Worm (Caenorhabditis elegans)  ~19,000 genes 
Fruitfly (Drosophila melanogaster)  ~14,000 genes 
Man (Homo sapiens)    22,000–28,000 genes 

How is the large increase in phenomic diversity encoded by a genome 
with only a modest increase in the gene count? 
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Beadle/Tatum/Garrod: “one gene - one protein - one trait” 

From a biochemical perspective, however, specific traits are rarely encoded 
by a single protein but are usually produced by assemblies of many proteins 
working in concert!  



The magnitude of the potential increase in phenomic diversity created by 
combinatorial assembly and a doubling of the gene count can be 
estimated by making the following conservative assumptions: 

(a) the human mouse genomes comprise 28,000 genes encoding 
28,000 proteins  
(b) the Drosophila genome comprises ∼14,000 genes and proteins 
(c) the average multiprotein assembly specifying a particular biochemical 
trait comprises products of 10 different genes 

Human: 28,000!/(10! 27,990!) = 8.15×1037 

Drosophila: 14,000!/(10! 13,990!)=7.95×1034 

A doubling of gene/protein numbers encoded in the genome yields a 
1000-fold increase in possible 10-mer protein combinations available to 
specify the phenome. 



If one assumes that 10 subcellular traits (each specified by a 
set of 10 proteins) combine to specify a cellular trait, then the 
doubling of the protein set in mammals compared with flies 
yields an increase in the number of potential cellular traits by a 
factor of 1030 (from 10333 to 10363) 



Systematic efforts to knock out or knock down all of the 
mammalian genes in mice starts with the assumption 
of “one gene - one protein - one trait.” 

However, most of the genome-phenome code will only be 
revealed by analyzing genetic variants that interfere 
with specific protein-protein interactions, notably point 
mutations arising by natural variation or induced 
experimentally by chemicals such as ENU. 



N-ethyl-N-nitrosourea (ENU) induced mutants 

ENU induces one new loss-of-function mutation per gene in every ~700 
gametes of treated male mice and one nucleotide change in every one 
megabase (Mb) of genomic DNA 

The most common mutations induced by ENU are A/T → T/A 
transversions and A/T → G/C transitions 

When translated into a protein product, these changes result in 64% 
missense mutations, 10% nonsense, and 26% cause errors in mRNA splicing 

Genetic variation induced in mice by ENU is thus ideally suited to reveal 
discrete actions of proteins working combinatorially by selectively altering 
individual protein domains and splicing products in the same way as natural 
variation, while at the same time inducing a very low frequency of linked 
irrelevant sequence changes. 



Ethylnitrosourea (ENU) induced mutants 

http://www.cmhd.ca/enu_mutagenesis/index.html 
http://www.gsc.riken.go.jp/Mouse/ 

http://www.ingenium-ag.com/ 



Genome-wide dominant and recessive protocols for 
phenotype-driven mutagenesis screens 



Genome-wide dominant and recessive protocols for 
phenotype-driven mutagenesis screens 



ENU-based gene-driven mutagenesis 



If we assume that a target gene consists of 2,000 base 
pairs of protein-coding sequences then, on average,already  
80 point mutations exist per gene in the frozen sperm 
archives. 

Possibility to generate allelic series for most or all genes. 



Congenic mice 





Nature Genetics  36, 1133 - 1137 (2004) 

Nature Genetics 37, 209 - 210 (2005)  

Recombinant inbred (RI) strains  



http://www.well.ox.ac.uk/mouse/INBREDS/RIL/BXD.shtml 
http://www.genenetwork.org/mouseCross.html 

BXD: derived by crossing C57BL/6J (B6) and DBA/2J (D2); ~90 strains 
AXB/BXA: derived by crossing  A/J (A) and C57BL/6J (B); ~25 strains 
BXH: derived by crossing  C57BL/6J (B) and C3H/HeJ (H); ~16 strains 
CXB: derived by crossing BALB/cBy and C57BL/6By; ~13 strains 
AKXD: derived by crossing AKR/J (AK) and DBA/2J (D); ? Strains 
LXS: derived by crossing Inbred Long-Sleep (ILS) and Inbred Short-Sleep (ISS) 
strains; 77 strains 

Recombinant inbred (RI) strains 





8 inbred strains: A/J, C57BL/6J, 129S1/SvImJ, NOD/LtJ, NZO, CAST/Ei, PWK/Ph, WSB/E 

All 8 genomes are brought together in G2:F1, and the offspring of this cross are inbred. 90% 
inbreeding is expected at G2:F20 based on theoretical results. 



Aim is to generate 1,000 Collaborative Cross (RI) strains 



Phenotyping mouse models 

Considering the 20,000 to 25,000 mammalian genes, each with one or 
more mutant alleles, and the number of primary phenotypic parameters that 
can be measured (currently between 300 and 400 parameters per mouse 
line) in cohorts of male and female mice, the question arises of how an 
endeavour of such a scope may be accomplished. 

25’000x400=10’000’000 measures  

Mouse Phenome Project / Mouse Phenome Database 
http://phenome.jax.org/pub-cgi/phenome/mpdcgi?rtn=docs/home 





Archiving and dissemination of mouse models 

Money! 
1 cage (max 5 mice) = 15CHF/month  



Identifying genetic interactions in a systematic manner 

Annu. Rev. Genet. 2009. 43:601–625 



Annu. Rev. Genet. 2009. 43:601–625 

A representation of the molecular mechanisms underlying different classes of 
genetic interactions 



Down syndrome 



Clinical phenotypes of Down syndrome 

 Phenotype  % 

•  Neurological :  
–  Mental retardation  100 
–  Alzheimer disease  100 over 35 y.o. 

•  Muscle :  
–  Hypotonia  100 

•  Growth :  
–  Short stature  70 

•  Head :  
–  Brachycephaly  75 

•  Eyes :  
–  Epicanthic folds  60 
–  Iris Brushfield spots  55 

•  Mouth :  
–  Protruding tongue  45 

•  Ears :  
–  Folded/dysplastic ear  50 

Phenotype   
 % 

  Limbs :  
–  Short, broad hands  65 
–  Short 5th finger  60 

  Skin :  
–  Characteristic dermatoglyphics  85 

  Cardiac :  
–  Congenital heart defect  40 
–  Atrioventricular canal  16 

  Gastrointestinal abnormalities :  
–  Duodenal stenosis/atresia 250x 
–  Imperforate anus  50x 
–  Hirschsprung disease  30x 

  Heme :  
–  Acute megakaryocytic 

leukemia200-400x 
–   Leukemia (both ALL and AML) 10-20x 



Trisomy 21 or Down syndrome 



A person with a translocation is phenotypically normal. During reproduction, normal disjunctions 
leading to gametes have a significant chance of creating a gamete with an extra chromosome 21, 
producing a child with Down syndrome. 

Robertsonian translocation 



Chromosomal abnormalities in Down syndrome 
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♦  Most common chromosomal abnormality 
♦  1 in 700 live births 



Down syndrome critical region (DSCR) 
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Model for the pathogenesis of Down syndrome 

HC21 genes 

gene with 3x phenotype 

Phenotypes of Down syndrome 

Whole genome 

gene without 3x phenotype 

Direct effect 
of HC21 gene 



Proteins potentially involved in DS phenotypes 

•  Subunits of multimeric proteins 
•  Transcription factors, gene expression regulators 
•  Proteins involved in cell-cell interactions 
•  Receptors / Ligands / Signal transduction 
•  Pattern formation / Development 
•  Enzymes (proteases, deaminases, ...)  

….. so pretty much every protein is a good candidate! 



DSCR 

HC21 

How to model Down syndrome? 

Human - mouse synteny issue 



Regions of synteny between human chromosome 21 (HSA21) 
and mouse chromosomes (MMUs) 16, 17, and 10. 



DSCR 

Candidate gene  
overexpression (mSim2) 

Ts1Cje mice 

HC21 

DSCR mice 

How to model Down syndrome? 



SIM2 as a candidate for some of the DS Phenotypes  

 The mapping of hSIM2 on HC21 
in the so-called DS critical region 
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Nambu et al., 1991, Cell 67: 1157-1167. 
Crews et al., 1988, Cell 52: 143-151. 



SIM2 as a candidate for some of the DS Phenotypes  

 The mapping of hSIM2 on HC21 
in the so-called DS critical region 

 Its Drosophila homologue (dsim) 
is a master regulator of fruitfly 
neurogenesis expressed early in 
embryogenesis in the 
developing midline 

 The expression pattern of its 
mouse homologue (mSim2) 
during embryogenesis 

 Transcription factor 

Ventral diencephalon 

Branchial 
arches 

Forelimb 

Somites 

Simwt/wt Sim-/- 

Nambu et al., 1991, Cell 67: 1157-1167. 
Crews et al., 1988, Cell 52: 143-151. 

mSim2 expression at E11.5 



SIM protein structure 



 Sim2 is a transcriptional repressor 
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Moffett and Pelletier, FEBS Letters, 2000, 466: 80-86 



Isolation and linearization of mSim2 BAC Clone 
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♦   184N4 (200kb) and 299E5 (210kb) BACs from mouse BAC library 
♦   Linearization using λ terminase 



Screening of mice for the presence of the mSim2 BAC 
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Is the transgene (BAC) derived mSIM2 expressed? 



Identification of a Sim2 polymorphism  
among inbred mouse strains 

mSim2 
Tg 

Recipient mouse: SJL/BL6 

BAC: 129Sv 

BL6 
SJL 
129Sv 

   Analysis of Tg expression 
   Number of Tg copies 



91 bp 

56 bp 

Ki Mu Br Lu Li Ov Ki Mu Br Br Lu Lu Li Li Ov Ki Mu Te 
607 Control 608 
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Detection of the Copy Number of the inserted transgene 
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mSim2 Tg mice phenotype: general observations 

  Transgenic animals from both lines develop normally, are fertile, and do 
not present any gross detectable phenotypic changes  

  Histology 

  Behavioural tests: 

   - Morris water maze 
   - Fear conditioning 
   - Open field 
   - O-maze 
   - Resident-intruder social interaction test 
   - Stress-induced analgesia 



Histological analysis of Sim2 transgenic mice 

Tg Control 



Morris water maze 



Morris water maze test results 
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Open field 



Open field test results 

Open field: % activity 
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Analysis of social interaction between control and Sim2 
transgenic female mice 
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Analysis of social interaction between control and Sim2 
transgenic female mice 
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Stress-induced Analgesia Test of Sim2 Transgenic Mice 
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Stress-induced Analgesia Test of Sim2 Transgenic Mice 
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Conclusions 

  Two mSim2 BAC Tg lines created 
  -low copy number of the transgene (1-2 copies) 
  -correct spatial expression 

  Phenotype 
-Normal growth and fertility 
-No histopathological changes were detected 
-No learning disabilities were detected in MWM and fear conditioning 
-slightly reduced exploratory behaviour 
-Reduced social interaction  
-Reduced responsiveness to pain 

Low copy number Sim2 BAC transgenic mice support the hypothesis that 
the DS phenotypes result from overexpression of a few genes each 
responsible for certain phenotypes 
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